The investigation on highly active and durable electrocatalysts for the hydrogen evolution reaction (HER) is of great significant for renewable energy technologies. Herein, we report the fabrication of a series of amorphous Co10-x-Nix-B-P nanocomposites via a facile chemical reduction and phosphorization method. Compared to the Ni-B-P, Co-B-P, and other Co10-x-Nix-B-P electrodes, the Co8.5-Ni1.5-B-P nanocomposite catalyst exhibited the highest HER electrocatalytic activity in alkaline solution. The overpotential of Co8.5-Ni1.5-B-P is 145 mV at a current density of 10 mA cm -2 , and a low Tafel slope of 60.5 mV dec -1 is realized. Co8.5-Ni1.5-B-P also exhibits superior durability, showing no obvious degradation after 50 hours. These new phosphorous-modified borides are proved to be a new low-cost and high-efficiency catalyst system for water splitting. .
INTRODUCTION
Much effort has been put into searching for sustainable energy resources because of increasing environmental concerns and decreasing non-renewable energy sources. Hydrogen is regarded as the most promising energy resource, and it has the advantages of creating zero pollution and having an excellent energy storage density [1, 2] . Water splitting is one of the most outstanding methods for producing hydrogen [3] . Water splitting involves the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER), both of which require high overpotential to realize the related reactions [4] . To improve the water splitting efficiency, catalysts that have high HER and OER activity must be used during the electrolysis process to accelerate the sluggish kinetics of the reaction. Precious metals such as Pt show favorable properties for water splitting electrocatalysis. However, the high-price and the low-earth-abundance of Pt limited its wide application and commercialization [5, 6] . Therefore, high activity electrocatalysts that are low cost and high earth-abundant have become the preferred target of researchers [7, 8] .
Recently, transition metal elements (Fe, Co, Ni, Mo, and W) composited with non-metal elements (S, Se, B, C, N, and P ) have been widely used in electrolytic HER. Transition metal phosphides (TMPs) and transition metal borides (TMBs) are the typical representatives in HER and OER because of their low-price, high-earth-abundance, and outstanding activity, such as NiP [9] , CoP [10] , MoP [11] , FeP [12] , CoB [13] , NiB [14] , and NiFeB [15] .
TMPs are interstitial compounds that have a significant amount of surface active sites and thus have excellent catalytic activity. Zhuang [16] prepared N, P-doped graphene cobalt Co2P as a HER electrocatalyst, and the activity was comparable to that of Pt-group electrocatalysts. P can scramble electrons from metal atoms because of its strong electronegativity, and it can also act as a Lewis base when it comes into contact with positively charged protons during the HER process. Popczun [17] synthesized Ni2P nanocomposites via a solvothermal method using tri-n-octylphosphine (TOP) as the phosphorus source, and the nanocomposites exhibited high HER catalytic activity. Compared with single-metal phosphides, the addition of a second metal can further enhance the electrocatalytic performance through the synergistic effect of the metals. Thus, much effort had been devoted to investigating bimetallic phosphides. Du [18] synthesized 3D nest-like NiCoP using a hydrothermal method, and NiCoP showed much higher electrochemical activity than single metal phosphides of CoP and NiP.
Boride can also serve as a precursor that can be phosphorized via phosphate reduction to synthesize transition metal phosphorus boride. The introduction of boron can improve the electrical conductivity of materials and can further boost the electrochemical performances. Both Co-and Nibased catalysts show superior catalytic activity, especially when they are in the form of borides because B can protect Co and Ni from being oxidized. B is preferentially oxidized over Ni and Co, and thus, Ni and Co as catalyst active center of HER can be saved [19] . Adding P to a transition metal also greatly improves the HER performance of the material [20] . Together, P and B synergistically enhance a metal's catalytic HER performance. Transition metal borides have been widely reported as eletrocatalysts, although phosphorous borides have rarely been reported.
There are many ways to synthesize TMPs, including solvothermal methods [21] , organometallic decomposition [22] , electrodeposition [23] , nanophosphate precursor synthesis [24] , metal organic precursor decomposition [17] , and phosphate reduction [25] . Among these methods, phosphate reduction is a simple and safe way to synthesize TMPs.
In this work, we synthesized a series of Co10-x-Nix-B-P nanocomposite catalysts via an ordinary chemical reduction and phosphorization and investigated their HER electrocatalytic properties. Compared to other Co10-x-Nix-B-P catalysts used for HER in 1M KOH electrolyte, the Co8.5-Ni1.5-B-P electrocatalyst exhibited the best electrocatalytic properties. Fairly low overpotentials of 145 mV and 162 mV at current density of 10 mA cm -2 and 20 mA cm -2 for HER are realized, respectively.
MATERIALS AND METHODS

Chemicals and Materials
Cobalt chloride hexahydrate (CoCl2·6H2O), nickel chloride hexahydrate (NiCl2·6H2O), sodium hydroxide (NaOH), sodium borohydride (NaBH4), and sodium hypophosphite (NaH2PO2·H2O) were purchased from Aladdin. Ethanol was purchased from Sinopharm Chemical Reagent Co., Ltd. All of the reagents were analytical grade and were used directly in the experiments without any further treatments.
Preparation of Co10-x-Nix-B-P
Co10-x-Nix-B-P was prepared via ordinary chemical reduction and phosphorization, as shown in Fig.1 . In this chemical formula, x represents the molar content of NiCl2·6H2O and has values from 0.5 to 2. First, 10 mmol of CoCl2·6H2O and NiCl2·6H2O were dissolved in 100 mL of deionized water. NaOH (0.1 M) and NaBH4 (0.3 M) were mixed in 50 mL of deionized water. Using a syringe, NaOH and NaBH4 solutions were then slowly added into the mixture under stirring. Once the production of bubbles was no longer observed, the black products were washed and filtered with deionized water and ethanol to remove the ionic impurities. Last, the filtered powder was dried at 60˚C for 24 h in a vacuum drying chamber to obtained dried Co10-x-Nix-B.
Co10-x-Nix-B and NaH2PO2·H2O (metal: P = 1:5) were placed in different porcelain boats with NaH2PO2·H2O at the intake port of a tube furnace. Finally, the samples were heated at 300℃ for 2 h under a N2 atmosphere. 
Structural Characterizations.
X-ray power diffraction patterns were recorded using an Empyrean diffractometer. Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) were conducted on a TEM JEM 2100F and FE-SEM Zeiss Ultra Plus to characterize the structure and size distribution of the synthesized nanoparticles. X-ray photoelectron spectroscopy (XPS) was recorded on an ESCALAB 250 Xi X-ray spectrometer.
Preparation of Catalyst Modified Glassy Carbon (GC) Electrode.
Catalyst inks were composed of 5 mg of catalyst powder, 970 μL of isopropanol, and 30 μL of 5% Nafion. The mixture was exposed to ultrasonic radiation for 45 min. Catalyst ink (8 μL) was loaded on the surface of the GC electrode (diameter of 0.3 cm) and then dried naturally for at least half an hour.
Electrochemical Measurements.
All of the electrochemical activities tests for HER were conducted on a CHI660E electrochemical workstation using a three-electrode configuration at 25 ℃. The electrolyte was 1 M KOH solution (pH=14), Ag/AgCl was used as the reference electrode, a graphite rod was used as the counter electrode, and the catalyst-modified GC electrode served as the working electrode. All of the measured potentials were converted to RHE (Reversible Hydrogen Electrode) using the equation: E (RHE) = E (Ag/AgCl) + 0.197 + 0.059 pH. The obtained HER polarization curves are all presented using the iR-compensation calculated according to the following equation: Ecorr = Emea -iR. Ecorr is the iR-compensated potential, Emea is the measured potential, and R is the ohmic resistance. TEM and SEM were used to characterize the size distributions and the morphologies of Co8.5-Ni1.5-B and Co8.5-Ni1.5-B-P, and the results are presented in Fig. 2 . The Co8.5-Ni1.5-B-P nanoparticles had a uniform size distribution with diameters of about 60-80 nm and mainly 70 nm. By comparison, Co8.5-Ni1.5-B had a diameter size of more than 200 nm. The HR-TEM image inset in Fig. 3 (a) Shows no apparent crystalline phase and the selected area electrodiffraction (SAED) pattern indicates that there are diffused rings, which demonstrates that Co8.5-Ni1.5-B-P is amorphous. Compared to the relatively smooth particle surface of Co8.5-Ni1.5-B, the phosphated Co8.5-Ni1.5-B-P had a sheet-like morphology, which would favor a large amount of electroactive catalytic centers.
The XRD patterns (Fig. 3(b) ) of the Co8.5-Ni1.5-B and Co8.5-Ni1.5-B-P nanocomposites catalyst powders showed a single broad peak centered around 2θ = 45°. This indicates that the nanocomposite catalyst powders that were produced via chemical reduction and solid-state phosphorization had a strong amorphous nature [2] , and this is consistent with the HR-TEM results. However, after phosphorization, the Co8.5-Ni1.5-B-P nanocomposite catalyst powders exhibited a fairly sharp diffraction peak at an angle of 2θ = 41°. According to the CoNiP standard spectrum (PDF# 71-2336), the peak of 2θ = 41° could be attributed to the P that results from the phosphorization. Energy dispersive X-ray spectrometry (EDS) analysis of the Co8.5-Ni1.5-B-P nanocomposite catalysts are shown in Fig. 3(c) . The EDS results indicate that the composition elements were evenly distributed in the as-prepared particles. Only Ni, Co, and P were found, but boron was not because the molecular weight was too low to be detected.
The elemental composition and valence distribution of the constituent elements of the Co8.5-Ni1.5-B-P nanocomposite catalysts were analyzed using XPS. The XPS survey spectrum of the Co8.5-Ni1.5-B-P nanocomposite catalysts reveals the presence of the elements Ni, Co, B, and P (Fig. 3 d) . The signals for O and C are attributed to surface oxidation or surface adsorption of the Co8.5-Ni1.5-B-P nanocomposite catalysts that result from exposure to air [26] . Fig. 4(a) shows the high-resolution XPS spectrum of Ni 2p. The fitted peak at 853.4 eV corresponds to Ni in zero valence state bonded to B. The fitted peaks at 856.7 eV and 862.0 eV are attributed to the presence of NiO and Ni(OH)2 [27] . Apart from these three fitted peaks, another three fitted peaks are observed at 872.6 eV, 875.1.0 eV, 881.8 eV, which are assigned to the split peak of Ni(OH)2 and NiO, the energy loss peak, and the vibration peak of the Ni electron, respectively [28] . In the high-resolution Co 2p XPS spectrum (Fig.  4(b) , the fitting peak at 798.0 eV belongs to Co 2p1/2. The fitting peaks at 778.9 eV and 782.0 eV correspond to Co 2p3/2. The other fitting peaks at 787.3 eV and 803.3 eV are attributed to vibration peaks [29] . For the B 1s high-resolution XPS spectrum (Fig. 4(c) , the fitting peaks of B 1s are 187.5 eV and 192.2 eV, which belong to elemental boron and boron oxide. The peaks that correspond to B were positively shifted compared to the peaks that correspond to pure boron (187.1 eV) [30] . This indicates that B provides some electrons to the Ni or Co alloys. In the P 2p high-resolution XPS spectrum (Fig. 4(c) , the fitted peaks at 129.1 eV and 130.0 eV belong to P 2p3/2 and P 2p1/2, and the other fitted peak at 133.4 eV is attributed to an oxidation peak that corresponds to the P-O of the Co8.5-Ni1.5-B-P nanocomposite catalysts [26] . The synthesized catalyst was loaded onto a GC electrode to assess the electrochemical properties. All of the electrochemical tests were performed in 1.0 M KOH at a scan rate of 5 mV s −1 in a three-electrode system. IR compensation was applied to eliminate the effect of Ohmic resistance to assess the intrinsic catalytic activity of catalysts. The mass loading for all the catalysts was 0.564 mg cm -2 . Fig. 5(a) shows the polarization curves of Ni-B, Ni-B-P, Co-B, and Co-B-P. With P doping, both the Ni-B-P and Co-B-P electrodes showed lower overpotential (η) for HER than Ni-B and Co-B. To achieve a current density of 10 mA cm -2 , the overpotential of Ni-B-P was 47.99 mV which is lower than that of Ni-B, and for Co-B-P, it was 30.33 mV which is lower than that of Co-B. Lower overpotential means high HER efficiency and thus high catalytic activity of electrocatalyst. These lowered overpotential values suggest that the phosphorous modification enhanced the catalytic activity of single metal boride for HER. This enhancement was more obvious for bimetallic compounds, as seen in Fig. 5(b) . The Co8.5-Ni1.5-B-P electrode required overpotential of merely 145 mV at a current density of 10 mA cm -2 , which is 213 mV lower than the required overpotential for Co8.5-Ni1.5-B. The lower overpotential for phosphorus boride catalysts implies that they have superior HER activity and efficiency. This overpotential is also lower than that of many other reported similar HER catalysts in alkaline solution, including Ni3S2/NF [31] , Ni2P [32] , Ni5P4 films [33] , Co9S8-NixSy/Ni foam [34] , CoP/CC [35] , NiCoS [36] , and NiCoP [37] . .5-Ni1.5-B-P and Pt/C; Linear polarization curves (e) and corresponding Tafel curves (f) of Pt/C and Co10-x-Nix-B-P nanocomposites catalysts with different x (x is the Ni content, i.e., 0.5/9.5, 1/9, 1.5/8.5, and 2/8); The detail overpotential comparison of different catalysts can be found in Table 1 . It is obvious that the presence of P is very beneficial for lowering the overpotential. To further probe the electrochemical properties of HER, the Tafel curves of Co8.5-Ni1.5-B and Co8.5-Ni1.5-B-P are presented in Fig. 5(c) . Co8.5-Ni1.5-B-P has a Tafel slope value of 60.5 mV dec -1 which is lower than that of Co8.5-Ni1.5-B. The observed Tafel slope values indicate that the rate-determining step is the Volmer reaction and that HER occurs on Co8.5-Ni1.5-B-P via a Volmer-Heyrovsky mechanism [38] . Ordinarily, a lower slope value indicates that the catalyst (in this case, Co8.5-Ni1.5-B-P) has higher inherent electrochemical activity. The Tafel slope values decreased after boride phosphorization, and this also shows that the synergy of P and B greatly accelerates the electron transfer rate and improves the HER performance of the catalyst. The polarization curves of Co8.5-Ni1.5-B-P in Fig. 5 (d) exhibiting higher HER catalytic activity than Ni-B-P, Co-B-P, demonstrate superior performance of bimetallic phosphorus borides. To investigate the effects of the transition metal content on electrochemical performance, phosphorus borides with different Co/Ni ratios were synthesized and tested. The polarization curves of Co10-x-Nix-B-P nanocomposite catalysts with different values of x (where x is the Ni content, i.e., 0.5/9.5, 1/9, 1.5/8.5, and 2/8) are shown in Fig. 5 (e) . Clearly, the commercial Pt/C has the highest HER catalytic activity. The Co9.5-Ni0.5-B-P, Co9-Ni-B-P, Co8.5-Ni1.5-B-P, and Co8-Ni2-B-P electrodes merely overpotentials of merely 150.98 mV, 163.08 mV, 145 mV, and 203 mV, respectively, at a current density of 10 mA cm -2 . Thus, to obtain a current density of 20 mA cm -2 , the overpotentials were 178.04 mV, 184.18 mV, 162 mV, and 228.63 mV. Therefore, Co8.5-Ni1.5-B-P exhibited the best HER performance at both the current density values of 10 mA cm -2 and 20 mA cm -2 . These results demonstrate that proper Ni-doping improves HER activity of phosphorus borides. To clearly understand the reason for the HER performances observed with different metal ratios, the Tafel curves of catalyst materials with different metal ratios were obtained (Fig. 5(f) ). The Tafel slope of Pt/C was 30.1 mV dec -1 , which suggests that Pt/C has excellent catalytic performance. The Tafel slope of Co8.5-Ni1.5-B-P (60.5 mV dec -1 ) was lower than those of Co9.5-Ni0.5-B-P (106 mV dec -1 ), Co9-Ni-B-P (93 mV dec -1 ), and Co8-Ni2-B-P (81.3 mV dec -1 ), and this indicates that Co8.5-Ni1.5-B-P had much better inherent electrocatalytic activity. The stability of a catalyst is a greatly significant parameter for the application of a catalyst. Thus, the stability of the Co8.5-Ni1.5-B-P catalyst material at constant current electrolysis was tested. The chronopotentiometry test was performed at a current density of 10 mA cm -2 in 1 M KOH. As seen in Fig. 6 , the overpotential output changed only slightly from the initial overpotential for the electrode after 50 h, and this indicates the good stability of this catalyst in alkaline solutions. During the chronopotentiometry test, the result curve shows many undulations and wrinkles because the electrodes produced a large number of hydrogen bubbles during the test, and these hindered the electron transfer and cause attenuation in the catalytic performance. When the bubbles were discharged, the catalyst exhibited the original catalytic activity. Figure 6 . The time-dependent current overpotential curve of Co8.5-Ni1.5-B-P nanocomposites catalysts.
CONCLUSIONS
In summary, a series of amorphous Co10-x-Nix-B-P nanocomposite catalysts were successfully synthesized via a simple chemical reduction and phosphorization. After the phosphorization, the Co8.5-Ni1.5-B-P nanocomposite catalysts exhibited the highest electrocatalytic HER activity in alkaline solution and required overpotentials of only 145 mV and 162 mV at current densities of 10 mA cm -2 and 20 mA cm -2 . The durability of the Co8.5-Ni1.5-B-P catalyst showed no obvious degradation after 50 h at a current density of 10 mA cm -2 .
